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ABSTRACT
Modifying and detecting the polarization of light is increasingly important in many contexts such as Faraday
isolators and electro-optical modulators. In order to control the polarization of light, it is necessary to know
the polarization characteristics of the materials used in the applications. To be able to (magneto-)optically
characterize novel materials, we designed a setup using a single photoelastic modulator (PEM) to simultaneously
detect natural and magnetic circular dichroism and circular birefringence over a large spectral range. We then
theoretically analyzed and experimentally characterized the effect of non-idealities in the PEM on the setup
and the resulting data. Our results demonstrate an influence of PEM non-idealities on the measured signals,
resulting in non-negligible mixing of circular birefringence and circular dichroism signals. Our measurements of
the wavelength dependence of these non-idealities reveal larger non-idealities towards shorter wavelengths. These
results illustrate the necessity to take PEM non-idealities into account when working with PEMs, especially at
shorter wavelengths or when dealing with signals spanning different orders of magnitude. PEM non-idealities,
while frequently neglected in experimental setup design and theoretical derivations, are expected to be more
complicated and possibly exert a larger influence on obtained results for experimental setups with multiple
PEMs.
Keywords: photoelastic modulator, PEM, Faraday rotation,circular birefringence,circular dichroism,magnetic
circular dichroism,bessel function,polarization
1. INTRODUCTION
Polarization is an important fundamental property of electromagnetic waves.1 Detecting and manipulating
the polarization of light is essential for both fundamental research as well as for applications.2–9 A variety of
optical elements exist to manipulate the polarization of UV to infrared light.10–12 It can be useful to be able to
modulate this polarization, and photoelastic modulators modulate the polarization of light at high frequencies,
based on the stress-dependence of birefringence in certain materials.13 Photoelastic modulators have been used
for well over 40 years,14 finding applications in a wide variety of fields such as protein adsorption,15 high-speed
semiconductor growth monitoring,16 liquid crystal characterization,17 biosensing,18 semiconductor analysis,19,20
following catalysis21 and magneto-optical characterization of (nano)materials.22–24
When a magnetic field is applied in the direction of propagation of light, the complex refractive indices for
left- and right-circularly polarized light are no longer equal.25–28 The difference in the real part of the refractive
indices results in Faraday rotation. Faraday rotation can be observed as the rotation of the polarization of
linearly polarized light in a magnetic field along the direction of propagation of light. It is described by
θ = V BL (1)
where θ is the rotation of the polarization of light, V is the Verdet constant, a wavelength-dependent material
parameter, B is the magnetic field in the direction of light and L is the distance light travels through the material
in the magnetic field.29 The difference in the imaginary part of the refractive indices for left- and right-circularly
polarized light manifests itself as magnetic circular dichroism (MCD)30–32
∆A =
ALCP −ARCP
ALCP +ARCP
(2)
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where ∆A is the MCD signal and ALCP and ARCP are respectively the absorption of left- and right-hand
circularly polarized light.
We designed a setup using a single photoelastic modulator (PEM) to simultaneously detect circular dichroism,
both natural and magnetic, circular birefringence and Faraday rotation over a large spectral range. These optical
effects have many uses in fundamental research33 and applications,34 both for chiral35,36 and achiral37–40 systems.
For the analysis of simple optical systems it is not always necessary to even take into account the polarization of
light.41–43 However, polarization dependent samples and experimental setups such as ours require more complex
analysis,18,23,44,45 and this is done using Stokes vectors and Mueller matrices.46–49 Light, both polarized and
depolarized, can be described by a Stokes vector
~S =

S0
S1
S2
S3
 (3)
A detailed analysis of the Stokes parameters can be found elsewhere.50 For our analysis, it is important that
S0 = I where I is the intensity of the light beam. When light passes through an optical element with Mueller
matrix Ma and then an optical element with Mueller matrix Mb, the outgoing light can be described as
~Sout = MbMa~Sin (4)
Using Mueller calculus, we theoretically analyze and experimentally characterize the effect of PEM non-
idealities on the data measured in our setup. We demonstrate an influence of PEM non-idealities on the measured
signals, resulting in non-negligible mixing of circular birefringence and circular dichroism signals. These results
illustrate the necessity to take PEM non-idealities into account when working with PEMs, especially at shorter
wavelengths or when dealing with signals spanning different orders of magnitude. Moreover, these results can be
expanded to other experimental setups such as dedicated CD-spectrometers.
2. EXPERIMENTAL DETAILS
In the experimental setup (Figure 1), a laser driven light source (Energetiq LDLS EQ-99) is focussed into a
collimated beam. A polarizer polarizes the beam after it passes through a monochromator. The polarized beam
passes through a photoelastic modulator (Hinds I/FS50) operating at 50 kHz, placed with its main axis 45 degrees
relative to the polarization of the light. The beam then passes through a sample in a dc magnet, and after passing
through an analyzer at 45 degrees with respect to the first polarizer it is detected by a photomultiplier tube.
Two lock-in amplifiers (SR830) detect the resulting signal, one detecting at the fundamental frequency of the
PEM (50 kHz), the other detecting the second harmonic (100 kHz). At discrete magnetic fields the signal value
of each lock-in amplifier is read out by a personal computer. In the subsequent section, the relation between the
50 kHz and 100 kHz signal and the (magnetic) circular dichroism and the optical rotation and Faraday rotation
is derived.
Figure 1. In the experimental setup, a single PEM is used to detect (magnetic) circular dichroism and birefringence.
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3. THEORETICAL AND EXPERIMENTAL RESULTS
3.1 General theoretical derivation
To be able to describe the setup, knowledge is necessary of the Mueller matrices of the components. For the
first polarizer, at 45 degrees, the Mueller matrix is
M45degpolarizer =
1
2

1 0 ±1 0
0 0 0 0
±1 0 1 0
0 0 0 0
 (5)
The Mueller matrix for the PEM is
MPEM =

1 0 0 0
0 1 0 0
0 0 cos (δ) sin (δ)
0 0 − sin (δ) cos (δ)
 (6)
where δ is the dynamic retardation. The Mueller matrix for a general sample is
Msample =

m00 m01 m02 m03
m10 m11 m12 m13
m20 m21 m22 m23
m30 m31 m32 m33
 (7)
Finally, the Mueller matrix of the horizontal analyzer is
Mhorizontalpolarizer =
1
2

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0
 (8)
For the experimental setup, we can write:
~Sout =Manalyzer ∗Msample ∗MPEM ∗Mpolarizer ∗ ~Sin (9)
=
1
2

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0


m00 m01 m02 m03
m10 m11 m12 m13
m20 m21 m22 m23
m30 m31 m32 m33


1 0 0 0
0 1 0 0
0 0 cos (δ) sin (δ)
0 0 − sin (δ) cos (δ)
 12

1 0 1 0
0 0 0 0
1 0 1 0
0 0 0 0
 ~Sin
(10)
=
1
4

m00 +m10 m01 +m11 m02 +m12 m03 +m13
m00 +m10 m01 +m11 m02 +m12 m03 +m13
0 0 0 0
0 0 0 0
 (11)
∗

1 0 0 0
0 1 0 0
0 0 cos (δ) sin (δ)
0 0 − sin (δ) cos (δ)


1 0 1 0
0 0 0 0
1 0 1 0
0 0 0 0
 ~Sin
(12)
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=
1
4

m00 +m10 m01 +m11 m02 +m12 m03 +m13
m00 +m10 m01 +m11 m02 +m12 m03 +m13
0 0 0 0
0 0 0 0
 ∗

1 0 1 0
0 0 0 0
cos (δ) 0 cos (δ) 0
− sin (δ) 0 − sin (δ) 0
 ~Sin (13)
=
1
4

a+ b cos (δ)− c sin (δ) 0 a+ b cos (δ)− c sin (δ) 0
a+ b cos (δ)− c sin (δ) 0 a+ b cos (δ)− c sin (δ) 0
0 0 0 0
0 0 0 0
 ~Sin (14)
Where we define
a = m00 +m10 (15)
b = m02 +m12 (16)
c = m03 +m13 (17)
in order to lighten the notation. Because the initial light is unpolarized, ~Sin =

I0
0
0
0
. This means that
~Sout =
1
4

a+ b cos (δ)− c sin (δ) 0 a+ b cos (δ)− c sin (δ) 0
a+ b cos (δ)− c sin (δ) 0 a+ b cos (δ)− c sin (δ) 0
0 0 0 0
0 0 0 0


I0
0
0
0
 (18)
=
I0
4

a+ b cos (δ)− c sin (δ)
a+ b cos (δ)− c sin (δ)
0
0
 (19)
This means the outgoing light has an intensity detected by the photomultiplier tube
Iout =
I0
4
(a+ b cos (δ)− c sin (δ)) (20)
In order to be able to understand this result, we need to fill in the dynamic retardation of a PEM, which can
be written as51
δ(λ) = A(λ)sin(ωt) + δ0(λ) (21)
With δ(λ) the dynamic retardation, A(λ) the amplitude of oscillation, ω the vibration frequency and δ0(λ) the
static strain present in the PEM. For an ideal PEM, δ0 = 0 as there is no static strain. It is however precisely the
important non-ideality that δ0 6= 0 that we will focus on later on in the derivation. Applying the trigonometrical
sum of angle formulas
cos (x+ y) = cos (x) cos (y)− sin (x) sin (y) (22)
sin (x+ y) = sin (x) cos (y) + cos (x) sin (y) (23)
yields
cos (δ) = cos (A(λ)sin(ωt)) cos (δ0(λ))− sin (A(λ)sin(ωt)) sin (δ0(λ)) (24)
sin (δ) = sin (A(λ)sin(ωt)) cos (δ0(λ)) + cos (A(λ)sin(ωt)) sin (δ0(λ)) (25)
Filling this into equation (20) yields
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I =
I0
4
(a+ b[cos (A(λ)sin(ωt)) cos (δ0(λ))− sin (A(λ)sin(ωt)) sin (δ0(λ))] (26)
− c[sin (A(λ)sin(ωt)) cos (δ0(λ)) + cos (A(λ)sin(ωt)) sin (δ0(λ))]) (27)
This expression can be regrouped to
I =
I0
4
(a− [b sin (δ0(λ)) + c cos (δ0(λ))] sin (A(λ)sin(ωt)) (28)
+ [b cos (δ0(λ))− c sin (δ0(λ))] cos (A(λ)sin(ωt))) (29)
In order to understand the signal detected at ω and 2ω from equation (29), cos (A(λ) sin (ωt)) and sin (A(λ) sin (ωt))
need to be expanded using Bessel functions
cos (A sin (ωt)) = J0(A) + 2
∑
j=1
J2j(A) sin (2jωt) (30)
sin (A sin (ωt)) = 2
∑
j=1
J2j−1(A) sin ((2j − 1)ωt) (31)
where Jn is the n-th Bessel function.
In the experimental setup, the PEM is configured such that A = 2.4048. This is chosen because J0(2.4048) =
0, greatly simplifying the derivation and interpretation of experimental results. Using this, and filling equations
(30) and (31) into equation (29) yields
I =
I0
4
(a− [b sin (δ0(λ)) + c cos (δ0(λ))]2
∑
j=1
J2j−1(A) sin ((2j − 1)ωt) (32)
+ [b cos (δ0(λ))− c sin (δ0(λ))]2
∑
j=1
J2j(A) sin (2jωt)) (33)
Two lock-in amplifiers are connected to this output, one detecting at ω and the other at 2ω. The detected
intensities become
IDC =
I0
4
a (34)
Iω = −I0
4
[b sin (δ0(λ)) + c cos (δ0(λ))]2J1(A) (35)
I2ω =
I0
4
[b cos (δ0(λ))− c sin (δ0(λ))]2J2(A) (36)
These equations can be used to relate the measured signal to circular birefringence and dichroism. Faraday
rotation is magnetic circular birefringence, and so a sample that displays Faraday rotation or magnetic circular
dichroism can be described as having a magnetic-field dependent circular birefringence or circular dichroism. If
the sample does not display any other anisotropy, its normalized Mueller matrix can be approximated as46,47
MCB/CDSample =

1 0 0 CD
0 1 CB 0
0 −CB 1 0
CD 0 0 1
 (37)
Using definition of a, b and c (equations (15) - (17)), equations (35) and (36) become
Iω = −IDC [CB sin (δ0(λ)) + CD cos (δ0(λ))]2J1(A) (38)
I2ω = IDC [CB cos (δ0(λ))− CD sin (δ0(λ))]2J2(A) (39)
With knowledge of δ0(λ) it would now be possible to determine the circular birefringence and dichroism of
a sample. Two possible approaches exist to this problem. The first, described in section 3.2, employs an ideal
PEM approximation. The alternative is to characterize δ0(λ), which is described in section 3.3.
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3.2 Measuring circular birefringence and dichroism with an ideal PEM
Under the assumption of an ideal PEM with little or no static strain (δ0(λ) ≈ 0), equations (38) and (39)
simplify to
Iω = IDC · CD · 2J1(A) (40)
I2ω = IDC · CB · 2J2(A) (41)
CD =
Iω
IDC2J1(A)
= 0.9630
Iω
IDC
(42)
CB =
I2ω
IDC2J2(A)
= 1.1579
I2ω
IDC
(43)
These are the well-known results that linearly correlate the size of the observed signals on both lock-in
amplifiers to the circular dichroism and birefringence present in the samples.52 Under this approximation, it is
possible to measure e.g. Faraday rotation by detecting at 2ω without needing to take into account any circular
dichroism present in the sample.
3.3 Measuring circular birefringence and dichroism with a real PEM
The previous section used the simplification that δ0(λ) ≈ 0. For a real PEM, this is not always a correct
simplification, and in order to verify it, it is necessary to measure a sample that meets certain requirements.
A sample is required with no natural or magnetic circular dichroism, and no linear birefringence or dichroism.
Such a sample is easily found, e.g. toluene. For this sample,46 m03 = 0 and m13 = 0, and so a = 1, b = CB and
c = CD = 0. We can then divide equation (38) by equation (39)
Iω
I2ω
=
−IDC [CB sin (δ0(λ)) + CD cos (δ0(λ))]2J1(A)
IDC [CB cos (δ0(λ))− CD sin (δ0(λ))]2J2(A) (44)
Iω
I2ω
=
− sin (δ0(λ))J1(A)
cos (δ0(λ))J2(A)
(45)
tan (δ0(λ)) =
IωJ2(A)
I2ωJ1(A)
(46)
And because J1(2.4048) = 0.5192 and J2(2.4048) = 0.4318
tan (δ0(λ)) = 0.8316
Iω
I2ω
(47)
For each wavelength where I2ω 6= 0, it is now possible to calculate δ0(λ). In order to induce I2ω 6= 0, a
magnetic field is applied, causing Faraday rotation. We performed the measurements from 350 nm to 880 nm
on toluene in a quartz cuvette with an optical path length of 1 cm, in magnetic fields up to 1 tesla. For each
wavelength, the value detected by the lock-in amplifiers (Iω and I2ω) was recorded for a discrete set of magnetic
fields. Using equation (47) it is possible to determine δ0 .
δ0 of the employed PEM shows a typical decline towards longer wavelengths (Figure 2).
53 At wavelengths
longer than 550nm δ0 is smaller than the detection limit. At shorter wavelengths it becomes significantly larger
than 0, invalidating the ideal PEM δ0 ≈ 0 approximation frequently used. At 350nm, δ0 > 0.04 rad, resulting in
sin (δ0) > 0.04, causing a signal “leakage” of the circular birefringence into the circular dichroism of more than
4%. The effect of this leakage on measurements can be demonstrated by filling in equations (38) and (39) with
the correct value of δ0, and deriving the actual Faraday rotation and MCD. When a magnetic field is applied to
toluene, there is large circular birefringence and no circular dichroism. Taking into account PEM non-idealities,
the measured Faraday rotation is almost unchanged from the ideal PEM approximation (< 0.1%). The MCD
is however greatly influenced, changing from an apparent nonzero signal, increasing with decreasing wavelength,
to a zero signal (Figure 3). This false positive illustrates the importance of taking PEM non-idealities into
account, particularly at shorter wavelengths. A small MCD contribution at a short wavelength can be entirely
indiscernible due to the leakage of Faraday rotation signal into the MCD channel.
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Figure 2. δ0 of the employed PEM shows a typical decline towards longer wavelengths. At wavelengths longer than 550nm
δ0 is smaller than the detection limit. At shorter wavelengths it becomes significantly larger than 0, invalidating the ideal
PEM approximation (δ0 ≈ 0).
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Figure 3. Correcting the measured signals for PEM non-idealities reveals significant differences in the data, which is even
more clear when one of the signals is at least an order of magnitude larger than the other.
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4. DISCUSSION AND PERSPECTIVES
Controlling the polarization of light is an important domain of research. In order to be able to (magneto-)
optically characterize novel materials to control the polarization of light, we designed a single PEM experimental
setup. We theoretically analyzed and experimentally characterized the effect of non-idealities in the PEM on
our data. The theoretical results can be summarized by equations (38) and (39), from which it is apparent that
PEM non-idealities cause leakage of signal from the circular dichroism to the circular birefringence channel and
vice versa. For our PEM, δ0, calculated via equations (38) and (39) from measurements on toluene, increases
towards shorter wavelengths, reaching a value of more than 0.04 rad at 350 nm, invalidating the ideal PEM
approximation.Because sin (δ0) > 0.04, a leakage of CD signal into the CB channel and vice versa occurs, at
more than 4%. At these values, the ideal PEM approximation to measure Faraday rotation or circular dichroism
no longer holds, and the effect of δ0 on the signal must be taken into account.
Our conclusion also holds for more general setups such as CD spectrometers. Leakage between channels
becomes more important towards shorter wavelengths, and can even dominate the measurements when CD and
CB differ by more than an order of magnitude.
We have demonstrated the necessity to take PEM non-idealities into account when working with PEMs,
especially at shorter wavelengths or when dealing with signals spanning different orders of magnitude. PEM
non-idealities, while frequently neglected in experimental setup design and theoretical derivations, are expected
to be more complicated and possibly exert a larger influence on obtained results for experimental setups with
multiple PEMs.
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